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Introduction

Abstract: Birds are powerful biodiversity indicators due to their wide distribution and
responsiveness to environmental pressures. Building on prior reviews, we synthesize
methodological advances to update the Multi-species Bird Index (MSI) field. This study
recaps limitations like European/breeding-season biases and uncertainty gaps while
integrating recent studies that expand analytical rigor. Advances in passive acoustic
monitoring, remote sensing, and trait-based models now improve species selection and
reduce detectability errors. We translate these into practical guidance for policy
application and a research agenda emphasizing seasonal completeness. The synthesis
underscores birds’ role as decision ready barometers and provides a blueprint for robust
monitoring. Birds serve as premier biodiversity barometers due to their cosmopolitan
distribution and sensitivity to anthropogenic pressures. However, traditional Multi
species Bird Indicators (MSIs) often suffer from significant Europe-centric and breeding-
season biases that limit their global policy impact. This study synthesizes recent
methodological breakthroughs to update the MSI framework. We evaluate the
integration of Passive Acoustic Monitoring (PAM), high-resolution remote sensing (ALS
LiDAR), and trait-based selection criteria into standard monitoring protocols. Our
synthesis reveals that combining automated sensor networks with hierarchical Bayesian
models effectively mitigates detectability errors and fills critical data gaps in under-
represented regions. Furthermore, linking avian indicators with carbon sequestration
and equity metrics allows for more robust prioritization of Nature based Solutions (NbS).
We provide a practical blueprint for next-generation indicators that emphasize seasonal
completeness and statistical rigor. By shifting from retrospective reports to forward-
looking policy tools, these refined barometers can more accurately track progress toward
global biodiversity targets.

Keywords: Biodiversity Indicators; Conservation Policy; Multispecies Bird Index (MSI);
Passive Acoustic Monitoring (PAM); Remote Sensing

standardized and volunteer-supported surveys (Kumar
& Sahu, 2020). Their role remains irreplaceable in

Birds serve as unmatched biodiversity barometers
in the Anthropocene due to their broad distributions and
predictable population responses to environmental
change (Diprose et al., 2022). These avian communities
provide a robust ecological knowledge base through

How to Cite:

tracking biodiversity change across diverse ecosystems.
Composite indicators like the Wild Bird Index (WBI),
Red List Index (RLI), and Community Temperature
Index (CTI) convert multi-species signals into decision-
ready statistics (Rigal & Knape, 2024). These metrics are
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essential for meeting national and global targets.
However, the post-2020 Global Biodiversity Framework
requires indicators to be spatially representative and
explicitly connected to conservation actions (O'Reilly et
al., 2025; Hansen et al., 2021). Prior systematic reviews
highlighted a proliferation of Multi-species Bird
Indicators (MSIs) alongside persistent biases and
uncertainty gaps. Salient patterns include a heavy
Europe-centric coverage and an over-reliance on
breeding-season data. Habitat representation remains
skewed toward farmland and forests, while few models
account for detectability or phylogeny. Furthermore,
most indicators lack hierarchical modeling or Bayesian
implementations. These findings remain the baseline for
improvement and are directly reflected in the evidence
tables, figures, and recommendations summarized
previously (site/species selection; explicit uncertainty;
phylogenetic/temporal structure) (Fraixedas et al., 2015)

Advances since the prior review: What has changed
and why it matters. Recent work has formalized species
choice for habitat-specific MSIs to ensure comparability
across scales. This approach utilizes niche-based,
geographically targeted sets to improve
representativeness. Such frameworks directly confront
earlier concerns regarding ad hoc species pools and
regional transferability. For Arctic-breeding waterbirds,
researchers now derive abundance and productivity
indicators from temperate non-breeding grounds. This
formalizes the notion of flyway indicators to fill spatial
gaps where direct monitoring is difficult.

Biome-specific analyses show that climate
pressures cause declines in boreal specialists while
Mediterranean species expand. Species with narrower
climatic niches show stronger declines, linking niche
breadth directly to vulnerability. Passive Acoustic
Monitoring (PAM) now supports indicator innovations
through territorial estimation from sensor networks.
Integrating PAM into agri-environmental schemes
reduces costs and captures nocturnal activity.
Additionally, participatory data and deep-learning
models improve species lists and threshold
identification.

Citizen science + ML. Cross-method comparisons
in African montane systems and Chinese cities show that
participatory data and large deep-learning models
complement point counts and ARUs, improving species
lists and large-scale threshold identification while also
exposing persistent gaps for rare species (Wa Maina &
Njoroge, 2025);. High-density ALS LiDAR clarifies
relationships between habitat structure and bird
diversity. Meanwhile, fractional cover time series enable
remotely sensed surrogates for condition-based
indicators by linking habitat rainfall to abundance.
Studies now connect MSIs to specific pressures like road
infrastructure and emergency forestry. These analyses
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use before-after-control-impact framing to identify how
pollution recovery drives forest regeneration and bird
increases

Indicators co-located with carbon stocks help
prioritize nature-based solutions that support both
biodiversity and human well-being. In agricultural
systems, acoustic diversity increases following the
establishment of perennial vegetation. Furthermore,
maintaining herbaceous covers in orchards supports
avian diversity and provides targets for result-based
payments.

Method

The application of quantitative species and site
selection is now strengthened by objective, scale-aware
frameworks. Effective indicators must define an
ecological scope covering specific habitats, biomes,
seasons, or flyways. Species selection should utilize trait
and niche criteria tied specifically to that scope.
Practitioners must also document inclusion and
exclusion rules with full transparency.

Monitoring programs should combine
standardized counts with Passive Acoustic Monitoring
(PAM), citizen science, and remote sensing. Analysis
must utilize occupancy and abundance models that
explicitly account for imperfect detection. These models
should also incorporate spatial structure and time-to-
detection metrics. Furthermore, PAM can be leveraged
to capture critical diel or seasonal windows. Finally,
citizen science data serves as both training data for
machine learning classifiers and independent validation
for abundance estimates.

Statisticians should adopt hierarchical models to
jointly estimate species trajectories and the MSI. These
models incorporate annual random effects to capture
shared environmental shocks. Where appropriate,
Bayesian frameworks should be used to propagate
uncertainty and incorporate phylogenetic correlations.
This approach allows for the provision of full
uncertainty bands around indicators and trends.
Modern multi-species Bayesian occupancy and trait-
informed models are increasingly applied in both
African and European demographic studies.

Frameworks must maintain clarity between state,
pressure, benefit, and response indicators to align with
specific policy questions. Plausible interactions, such as
those between climate and land use, should be treated
explicitly to avoid misattribution. Trait-based weights
are appropriate when the goal is sensitivity to particular
drivers like specialization or migratory strategy.
Conversely, equal weights should be used when broad
representativeness is the primary concern.
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Filling the known gaps: Seasonality, geography,
and habitats.

Seasonal completeness

The earlier synthesis showed >80% reliance on
breeding season data, with few winter indicators
(Fraixedas et al., 2020). Secure non breeding coverage via
PAM, eBird, and targeted surveys, and use migratory
connectivity to attribute change across annual cycles
(Thaxter et al., 2025). Winter weighted indicators are
critical in wetlands and coastal systems where seasonal
resource pulses drive dynamics (Odedra et al., 2026).

Geographic balance

The paucity of indicators from Africa/Asia is
beginning to shift with studies in East Africa and Inner
Mongolia (Menashe-Oren & Bocquier, 2025), but
strategic investment in training and higher-education
capacity remains a bottleneck (Li et al., 2025; Ambarwati
& Sischasari, 2025). Build flyway and regional consortia,
standardize protocols, and resource long-term
monitoring in under-represented regions.

Habitat diversification

Beyond farmland/forest, expand indicators in
marine, shrubland, and urban systems, where drivers
and responses differ (Zhengxin, 2026; Yu et al., 2025;
Telila et al, 2025; Ling et al, 2025). In working
landscapes, integrate result-based schemes and nature
repair markets with condition sensitive indicators
(Hagemann et al., 2025; Drechsler, 2026; Drechsler,
2026).
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Policy-ready applications

Evaluating landuse policies and infrastructure use
MSI components (recruitment vs. survival) to diagnose
demographic mechanisms behind farmland bird
declines and to test unintended consequences of climate-
motivated afforestation on open-habitat species
(Arizaga et al., 2026; Thaxter et al., 2025; Wa Maina &
Njoroge, 2025). Apply before after control indicator
designs to roads and emergency forestry, including
suspended works phases that create transient habitats
(Kapsar et al., 2026; Haron et al., 2026; Faye et al., 2026).

Aligning biodiversity with climate and equity

Overlay bird MSIs with carbon and human well-
being layers to prioritize NDbS investments that
maximize co-benefits and direct gains toward
underserved communities (Bateman et al, 2025;
Bateman et al., 2025; M Susana & Geneletti, 2023; Diaz et
al., 2018). Indicators can be stratified by ecosystem
service context (e.g., forest species coverage vs. wetland
deficits) to avoid overgeneralized co-benefit claims.

Result-based agri-environmental schemes (AES)

PAM enabled result based payments reward
measurable biodiversity = outcomes rather than
prescribed actions, with birds providing sensitive,
verifiable signals (McDonald et al, 2018). Acoustic
diversity increases after converting marginal cropland to
perennials without profit loss exemplify win-wins
suitable for program scaling (Mitchell et al., 2025). Two
consolidated summary tables.

Table 1. Recent evidence streams that address earlier indicator gaps (methods, scales, and policy uses)

Gap New evidence / Data & model features Scale & Indicator/metric Ref.
addressed approach system focus
Ad hoc Objective, niche-  Standardized species pools; Europe; Habitat-specific (O'Reilly etal.,
species sets; based, scale- cross-scale comparability ~ forest birds MSIs, scale 2025)
poor aware species tests comparability
comparability selection for MSIs
Arctic data “Monitoring at a Multi-species abundance & East Flyway indicators (Thaxter et al.,
scarcity distance” via non- productivity composites Atlantic for Arctic 2025)

breeding grounds Flyway waterbirds
Breeding- PAM integration ARUs, Al classifiers, Europe; Acoustic MSIs; (Couturier et al.,
season bias; into monitoring  territorial estimation; costed nature result-based  2024; McGovern et
detectability and payment protocols reserves; evaluation al., 2024)

schemes farms
Uncertain Remote sensing + ALS LiDAR; fractional Chicago Structural drivers (Harwood et al.,
habitat hierarchical cover; rainfall; GLMMs region; N. of diversity; 2016)
condition models Australia condition indices
savanna
Mechanism- Multispecies Recruitment/survival Czechia; Demographic MSIs; (Gregory et al.,
blind trends demography; decomposition; Spain  pressure attribution 2019)
BACI designs road/forestry experiments
Limited policy NbS & co-benefit  Bird MSIs + carbon + human United Priority maps; (Bateman et al.,
salience overlays well-being States equity-aware 2025; Aghaloo &
indicators Sharifi, 2025),
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Contextual baseline for all gaps: Prior review
synthesis of biases and wuncertainty in bird MSIs
(seasonal, spatial, habitat; inference/uncertainty gaps).
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Table 2. Practical guidance for constructing robust, scalable bird indicators

Design step Recommended  Statistical/technic Typical pitfalls Policy use-case Ref.
practice al notes
Define scope Align typology with Consider Mixed signals if =~ SEBI-style habitat (Bosma & Hein, 2023;
(state/pressur target driver(s) and interactions pressures MSIs; climate Zewdu et al., 2025)
e/benefit/res decisions (climate x land confounded impact indices
ponse) use)
Species Objective, niche/ trait- Compare Context-free Spatially  (Gonc,alves-Souza et
selection based lists; document “geographically  transfer of species  comparable MSIs; al., 2023)
rules  targeted” vs. top- sets national roll-ups
down/bottom-up
Data Combine counts, Multi-method Ignoring  Result-based AES; (Patil et al., 2024);
integration PAM, citizen science, occupancy/abund imperfect flyway indices  (McClure et al., 2020)
remote sensing  ance; detectability detection;
modeled seasonal gaps
Inference Hierarchical models Bayesian Point estimates National MSIs (Cameletti & Biondi,
with annual RE; propagation; without with credible 2019)
temporal phylogenetic uncertainty intervals
autocorrelation structure as
needed
Weighting Equal for Climatic niche Double-counting  Driver-diagnostic (Troian et al., 2021);
representativeness; breadth, correlated traits pressure (Singh et al., 2025)
trait-based for specialization, indicators
sensitivity migratory
strategy
Scaling Use flyway and “Monitoring at a Scale mismatch, Arctic & (Sakharov, 2018)
regional linkages distance” where shifting migratory policy
on-site data are distributions fora
limited
Validation & Publish codebooks; Sensitivity to  Over-interpreting GBF indicators; (Arslan, 2019);
reporting CI/CrlI for indices & species pool; single indices national
trends  cross-scale checks dashboards

Result and Discussion

Thematic synthesis: What the updated evidence says
Climate x land use interactions are ubiquitous

Earlier indicators focused mainly on land-use change.
Integrating climate signals reveals biomes shifting in
opposite directions. Specifically, boreal specialists face
risks while Mediterranean and temperate species
expand. Climatic niche breadth predicts which species
decline. This provides a defensible basis for sensitivity-
weighted indicators. At the habitat level, wetland
seasonal dynamics highlight the need for winter-season
indicators. These metrics capture essential resource
pulses.

Working landscapes
sacrificing livelihoods

Perennial vegetation in marginal croplands
increased acoustic diversity without profit loss.
Herbaceous covers in olive orchards boosted birds and
butterflies. These outcomes serve as clear targets for

can deliver biodiversity ~without

result-based payments. Demographic indicators show
where carrying capacity is falling for open-habitat
farmland birds. Evidence suggests climate-motivated
afforestation might inadvertently harm open-habitat
specialists.

Technology bridges data gaps but needs transparent
validation

Passive Acoustic Monitoring (PAM) and Al
techniques enable territorial estimation and localization.
Citizen science improves species lists and large-scale
threshold inference. LiDAR provides policy-relevant
structural metrics. Additionally, fractional cover
connects climate variability to abundance. Indicators
should openly report performance and uncertainty.
They must also document limitations across all methods.

Equity cannot be an afterthought

Priority overlays show co-benefit hotspots for
birds, carbon, and people. These areas are often under-
protected and co-located with communities having deep
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land ties. Equitable conservation requires partnering

with these groups. Indicators should be disaggregated.

This practice  demonstrates the distributional

consequences of policy choices.

Section 9. Practical blueprint: A step-by-step
protocol for next-generation bird indicators

1. Effective monitoring begins with problem framing
and typology. Analysts must define whether the
indicator represents state, pressure, response, or
benefit. When two drivers are suspected, the study
should specify testing of interaction terms.

2. The next stage involves species pool definition.
Researchers should use niche or trait criteria to
generate candidate lists. They must decide between
geographically targeted or cross-scale pools. All

inclusion decisions require transparent
documentation.
3. Modern data architecture should combine

standardized counts with PAM and citizen science.
The framework must also integrate remote sensing
modalities such as ALS and fractional cover.
Programs need to plan explicit detectability
modeling. Furthermore, they should ensure
comprehensive seasonal coverage.

4. Modeling and wuncertainty require hierarchical
models with annual random effects. These
frameworks should include temporal autocorrelation
and consider phylogenetic covariance. Researchers
must propagate uncertainty wusing Bayesian
approaches for complex data fusion. Final outputs
should publish code and sensitivity analyses.

5. Scaling and validation strategies are necessary where
direct monitoring is infeasible. In these instances,
practitioners can adopt monitoring at a distance via
flyway composites. All results must be validated
against independent data like productivity metrics.

6. Policy translation requires co-designing thresholds
and targets with agencies. Indicators should be
embedded in agri-environmental schemes or
protected-area planning. Official reports must
explicitly include equity and co-benefit dimensions.

The updated corpus answers earlier critiques by
standardizing species selection. It also expands seasonal
and biome coverage. New data streams mitigate
detectability and uncertainty. Indicators now connect to
actionable levers such as agriculture and equity
planning. Nevertheless, two priorities remain
paramount.

First, seasonal and spatial parity is vital. Winter and
migration indicators must become standard. This
applies especially to wetlands, coasts, and flyways.
Under-represented regions need sustained investment
in long-term monitoring. These areas also require
educational capacity and open data infrastructure.
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Second, uncertainty must be viewed as a feature
rather than a bug. Decision-makers need credible
intervals and scenario ranges. Hierarchical and Bayesian
approaches should be the norm. These methods must
explicitly handle detectability, autocorrelation, and
phylogeny. While once a major gap, this is now tractable
with widely available tools. Together, these steps
transform bird indicators from retrospective report
cards. They serve as forward-looking guides to meet
biodiversity targets. Simultaneously, they deliver
climate and equity co-benefits.

Conclusion

Multi-species bird indicators (MSIs) remain
indispensable to biodiversity assessment. However,
their full value emerges only when indicators are
representative, seasonal, and statistically rigorous.
Furthermore, they must be embedded in policy
frameworks that manage real trade-offs across
landscapes. The updated evidence shows how to
achieve this through objective species selection and
multi-method data integration. Other essential
components include hierarchical and Bayesian inference
with explicit uncertainty. Effective indicators also
require scaling via flyways and policy coupling through
result-based schemes. Building on prior critiques and
recent advances, this blueprint positions bird indicators
as credible barometers. The framework ensures they are

equitable and effective tools for mnature in the
Anthropocene.
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